ABSTRACT Amblyomma maculatum Koch, 1844 (also known as the Gulf Coast tick) is found in parts of the Americas, including the central and southern United States. Its primary importance is as the vector of Rickettsia parkeri, a spotted fever group rickettsia that causes an illness similar to, but milder than, Rocky Mountain spotted fever. A second spotted fever group rickettsia, "Candidatus Rickettsia andeanae," was detected in Gulf Coast ticks approximately 10 yr ago. However, the signiÞcance of this organism, including pathogenicity, has not yet been well-characterized. Here, we use transmission electron microscopy to describe bacteria within the tissues of A. maculatum ticks that were positive by polymerase chain reaction assay for "Ca. R. andeanae." In ultrathin sections of unfed A. maculatum adult females, we found evidence of bacteria with morphological features consistent with spotted fever group rickettsiae, including small size (Ϸ0.3 by 0.9 m), a halo zone (electron-lucent layer around the bacterium), and a trilaminar cell wall. In female ticks, bacteria were present in granular salivary glands and ducts, foregut, Malpighian tubules, nerve trunks, and reproductive tissue. These Þndings demonstrate evidence of "Ca. R. andeanae" in situ and contribute to our understanding of this novel rickettsia in A. maculatum.
In its North American range, the Gulf Coast tick, Amblyomma maculatum Koch, 1844, can be found primarily in the central and southern United States and in Mexico. This ixodid (hard) tick may be infected with at least two spotted fever group rickettsiae (SFGR), Rickettsia parkeri and "Candidatus Rickettsia andeanae" (Paddock et al. 2010) . "Candidatus Rickettsia andeanae" was Þrst detected in A. maculatum and Ixodes boliviensis Neumann from the Peruvian Andes, and hence the proposed species name (Blair et al. 2004 ). Since then, "Ca. R. andeanae" has been detected in adult A. maculatum collected from both vegetation and humans in areas within its range including Mississippi, Florida, Georgia, Kansas, North Carolina, Oklahoma, and Virginia (Sumner et al. 2007 , Paddock et al. 2010 , Fornadel et al. 2011 , Wright et al. 2011 , Ferrari et al. 2012 , Jiang et al. 2012 . Unlike R. parkeri, which is a known pathogen, no conÞrmed infection of humans with "Ca. R. andeanae" has been reported. The novel rickettsia has not been well-characterized and its pathogenicity is currently unknown. However, recent reports of "Ca.
R. andeanae" isolation should help expand our understanding of "Ca. R. andeanae" and evaluate potential pathogenicity of this rickettsia in humans (Luce-Fedrow et al. 2012 , Ferrari et al. 2013 .
In a previous study, we identiÞed DNA of "Ca. R. andeanae" in Ϸ3% of Gulf Coast ticks collected throughout Mississippi, approximately half of which were co-infected with R. parkeri (Ferrari et al. 2012) . In a study by Edwards et al. (2011) , SFGR were detected in salivary glands, ovaries, Malpighian tubules and midgut from Þeld-collected A. maculatum and A. maculatum experimentally infected with R. parkeri (Edwards et al. 2011 ). In the current study, we used transmission electron microscopy (TEM) to better understand the Þne structure and tissue tropism of "Ca. R. andeanae" in unfed A. maculatum.
Materials and Methods
Selection of "Ca. R. andeanae"-Infected A. maculatum. Fifty unfed adult laboratory-reared A. maculatum ticks were purchased from Oklahoma State University. This source of ticks was chosen because we previously identiÞed "Ca. R. andeanae" in ticks from this colony by polymerase chain reaction (PCR) assay (G. Moraru and A. Varela-Stokes, unpublished data) . Adult ticks were washed using 70% ethanol and tick legs removed for PCR testing. Genomic DNA was extracted from tick legs using the Illustra Tissue & Cells genomicPrep Mini Spin Kit (GE Healthcare, Piscataway, NJ). A fragment of the tick 16S mitochon-drial rRNA gene was ampliÞed by PCR to conÞrm successful DNA extraction (Black and Piesman 1994) . DNA extracts were screened for the presence of SFGR using a nested PCR assay to amplify the rickettsial outer membrane protein A (rompA) gene. Ticks positive for SFGR DNA by this assay were further tested using species-speciÞc primers targeting regions of the rompA gene speciÞc to R. parkeri and "Ca. R. andeanae" (Paddock et al. 2010 ). Amplicons of "Ca. R. andeanae" rompA gene from the four ticks analyzed by TEM were puriÞed using Montage PCR Centrifugal Filter Device (Millipore, Bedford, MA) and bidirectionally sequenced by EuroÞns MWG Operon (Huntsville, AL). Consensus sequences were generated by ClustalX2 alignment and identiÞed using GenBank BLAST searches (http://blast.ncbi.nlm.nih. gov/Blast.cgi). All PCR assays included a positive control of DNA extracted from cultured R. parkeri (TateÕs Hell strain) or "Ca. R. andeanae"-infected Gulf Coast ticks, respectively, conÞrmed previously by PCR and sequencing. To determine presence or absence of other bacteria potentially found in ticks, PCR assays to amplify the following gene fragments were performed using published primers: the ftsZ homolog of Wolbachia spp. found in arthropods (ftsZ reverse and forward primers), the elongation factor G, fusA of Coxiella spp. (fusA reverse and forward primers), and 16S rRNA gene of Francisella spp. (Fr153FO.1/ Fr1281RO.1 primers; Noda et al. 1997 , Barns et al. 2005 , Jasinskas et al. 2007 ). For each assay, PCR reactions included respective positive controls. For Wolbachia spp. PCR, we used DNA extracted from Aedes albopictus (Skuse) mosquito known to be infected with Wolbachia by previous PCR assay (D. Cross, unpublished data). For Coxiella spp. PCR, we used Þeld caught Amblyomma americanum (L.) ticks previously determined by PCR to be infected with Coxiella species (F. Ferrari and A. Varela-Stokes, unpublished data) . DNA from cultured Francisella tularensis subsp. holarctica live vaccine strain was used as positive control for Francisella spp. PCR assays. All PCR assays also included negative (water) controls. We electrophoresed all PCR products on 2% agarose gels stained with ethidium bromide, and visualized gels under UV light.
Transmission Electron Microscopy. Two female and two male A. maculatum ticks that tested positive by PCR for "Ca. R. andeanae" and negative for R. parkeri were prepared for TEM. Tick bodies were Þxed in KarnovskyÕs Þxative (4% glutaraldehyde; 4% paraformaldehyhde) containing 1% DMSO made up in 0.1 M phosphate buffer at pH 7.2. Ticks stayed in Þxative for 1 h at room temperature and were then rinsed several times with 0.1 M buffer and stored in the refrigerator. Then, they were postÞxed in 2% osmium tetroxide (also in 0.1 M phosphate buffer) and rinsed with water. After an overnight en bloc stain with 2% aqueous uranyl acetate, samples were further dehydrated in a graded ethanol series (35, 50, 70, 95, and 100%) . Using acetone as a transitional ßuid, specimens were embedded in SpurrÕs resin (Electron Microscopy Sciences, HatÞeld, PA) and cured at 70ЊC overnight. Semithin (0.5 m) and ultrathin (60 Ð90 nm) sections were cut with a ReichertÐJung Ultracut E ultramicrotome. Semithin sections, stained with 1% toluidine blue, were used to locate areas of interest for TEM observations. Ultrathin sections were stained with alcoholic uranyl acetate and lead citrate and observed on a JEOL JEM-100 CXII (JEOL USA, Peabody, MA) at 80 kV. One male and one female A. maculatum ticks from Oklahoma State University tick colony that tested negative by PCR to all bacterial assays described in "Selection of "Ca. R. andeanae"-infected A. maculatum" were used as negative controls for TEM studies. Negative control tick bodies were processed in an identical manner as the "Ca. R. andeanae"-infected tick bodies.
In the current study, salivary glands, Malpighian tubules, and digestive and reproductive organs were identiÞed (Sonenshine 1991) and most thoroughly examined under TEM in both infected and control ticks. We chose to focus on these tissues because salivary glands, Malpighian tubules, ovaries and midgut tissues of A. maculatum were reported previously as heavily infected with SFGR using an immunoßuorescence antibody assay (Edwards et al. 2011) , and an earlier study also focused on these tissues, excluding digestive tissues (Hayes and Burgdorfer 1979) . In addition, SFGR were detected by immunoßuorescence staining in Malpighian tubules and midgut tissues, and to a lesser extent in other tissues including ovaries and salivary glands from adult A. americanum (Lone Star ticks) that were previously injected with R. parkeri as engorged nymphs (Goddard 2003) .
Results
Bacteria morphologically consistent with Rickettsia spp. were found in the two male and two female Gulf Coast ticks that tested positive for "Ca. R. andeanae" and negative for R. parkeri when evaluated by molecular assays speciÞc for these SFGR. Sequences from resultant "Ca. R. andeanae" rompA amplicons demonstrated 100% identity to "Ca. R. andeanae" rompA sequences in the GenBank database. Neither of the female ticks had molecular evidence of infection with a Wolbachia, Coxiella, or Francisella species. Both male ticks were negative by PCR assay for Wolbachia spp.; however, both samples had a faint amplicon product for Coxiella spp. PCR that was evident on gel electrophoresis. This is interesting considering the bacterial diversity of wild-caught and laboratory-reared A. maculatum recently evaluated by pyrosequencing included the genera Francisella and Wolbachia but not Coxiella (Budachetri et al. 2014 ). The Coxiella spp. PCR amplicon sequence from one male tick was identical to available Coxiella spp. sequences in GenBank. Additionally, one male tick sample had an amplicon product on the Francisella spp. PCR assay. However, repeated PCR assays revealed inconsistent results and insufÞcient DNA was available for sequencing the sample positive by Francisella spp. PCR. Although Francisella spp. are wolbachiae-like, large bacteria and Ϸ1.2 m in diameter (Niebylski et al. 1997a) , Coxiella sp. are morphologically similar to rickettsiae. We therefore excluded male ticks from further analysis in this study because of the possible presence of Coxiella spp., as suggested by weak PCR amplicons.
In female specimens, small, rod-like bacteria, Ϸ0.27Ð 0.35 by 0.7Ð0.985 m in size were often surrounded by a halo zone, the electron-lucent layer around the organism correspondent to the bacterial capsule and also referred to as a "slime layer." A trilaminar cell wall was also observed, which is consistent with the cytoplasmic membrane and the inner and outer membranes present in the cell wall of SFGR (Fig. 1a) . Bacteria at different physiological stages were observed. There is evidence suggestive of multiplication by binary Þssion (Fig. 1b) and of older cells, represented by smaller and more electron dense bacteria (Dumler and Walker 2005) . Figure 1c shows bacteria in the reproductive organs of a female tick where some bacteria show extensions of the cell membrane. We found no evidence of bacteria in tick bodies from negative control specimens, which were examined to the same extent as "Ca. R. andeanae"-infected tick bodies.
Female ticks contained evidence of bacteria in various tissues including granular salivary glands and ducts, Malpighian tubules (Fig. 2a) , the muscle layer of the foregut (Fig. 2b) , connective tissue near trachea, nerve trunks, and in epithelial cells of ovaries and oocytes, where they were found both intra-and extracellularly (Fig. 2c) . Clusters of at least 10 bacteria were seen in the reproductive organs, with the largest group comprising Ϸ100 bacteria (Fig. 2d) . No bacteria were observed in the female midgut.
Discussion
Using electron microscopy, we identiÞed bacteria within multiple tissues of female A. maculatum ticks. We believe that these bacteria represent "Ca. R. andeanae" based on several ultrastructural characteristics of SFGR and by detection of "Ca. R. andeanae" in tick tissues by PCR assay and sequencing. Other molecular assays failed to identify other potential or known microbial associates of A. maculatum, including, R. parkeri, Wolbachia spp., Coxiella spp., and Francisella spp. To our knowledge, this is the Þrst ultrastructural description of likely "Ca. R. andeanae" bacteria in tissues of the tick host A. maculatum.
In the family Rickettsiaceae, SFGR are described as rod-shaped, small bacteria (0.3Ð 0.5 by 0.8 Ð2 m) with trilaminar cell walls surrounded by a thick electron lucent layer (halo zone, as described above), and no ßagella; they are mostly intracytoplasmic and sometimes intranuclear (Hayes and Burgdorfer 1979 , Silverman 1991 , Fredricks 2006 . In this study, bacteria in the female body were distributed unevenly with large numbers in reproductive tissues, then decreasing numbers from salivary glands and ducts to the foregut, Malpighian tubules and nerve trunks. However, this distribution is based on a small sample of unfed female ticks and may change if greater numbers of ticks at different physiological stages are examined.
Other than one report describing "Ca. R. andeanae" in the blood of 13 species of tick-infested passerine songbirds captured in southern Louisiana (Mukherjee et al. 2013) , infections with "Ca R. andeanae" have not been identiÞed in humans or other animals, and the infectivity to vertebrates is unknown. Rickettsia peacockii, a known endosymbiont of Dermacentor andersoni Stiles ticks, is found only in female ticks, primarily distributed in ovarian tissues, and not in midgut, Malpighian tubules, and salivary glands (Niebylski et al. 1997b) . In comparison, the causative agent of Rocky Mountain spotted fever, Rickettsia rickettsii, infects all tissues of the tick host (Burgdorfer and Brinton 1975, Burgdorfer 1988) . Cytopathic effects observed with pathogenic R. rickettsii, including heterochromatin aggregation at the nuclear membrane and alterations to the integrity of nuclear and cellular membranes (Hayes and Burgdorfer 1982) were not detected in the ticks infected with "Ca. R. andeanae" from this study. Until recently, "Ca. R. andeanae" could not be isolated in cell culture, a characteristic similar to the fastidious nature of tick endosymbionts like R. peacockii (Simser et al. 2001 , Paddock et al. 2010 . The isolation of "Ca. R. andeanae" (Luce-Fedrow et al. 2012 , Ferrari et al. 2013 coupled with this ultrastructural description of this SFGR in tissues of A. maculatum should assist in targeted studies of this organism in ticks and vertebrate hosts. In particular, future investigations to consider include evaluating the pathogenicity of this rickettsia in vertebrates and elucidating the relationships of SFGR with A. maculatum tick hosts. 
